Introduction
Archa H. Fox, 1 Yun Wah Lam, analysis in vitro. A major proteomic analysis of nucleoli nucleolar proteins that were enriched in nucleoli isolated from cells treated with the transcription inhibitor Actinoisolated from cultured human cells has therefore been undertaken to characterize the protein composition of mycin D [32] . Based upon a combination of cDNA sequence analysis and direct mass spectrometric identifithis important subnuclear body [32] . This study identified 271 human nucleolar proteins using MS, including cation of tryptic peptides, we deduce that the major 80 proteins encoded by novel or uncharacterized human form of PSP1 is a basic protein of 523 amino acids with genes. Here we report the characterization of one of the a predicted Mr of 58.7 kDa ( Figure 1A ). As judged by novel human nucleolar factors-Paraspeckle Protein 1 probing a human multitissue Northern blot, PSP1 is en-(PSP1). We show that PSP1 accumulates within a new coded by several ubiquitously expressed mRNAs of form of nuclear compartment in the interchromatin ‫5.2ف‬ kb, including alternatively spliced forms (Figure space, termed paraspeckles. This analysis reveals a new 1B). We have named the two major expressed isoforms level of structural complexity within the nucleus and PSP1-␣ and PSP1-␤ (see Figure 1 and Supplementary highlights the dynamic nature of nuclear body proteins.
Material available with this article online). The primary amino acid sequence of PSP1 contains two conserved Results RNA binding domains (RRMs) located at the amino terminus of both isoforms and is most closely related to the nuclear protein p54/nrb [33, 34] . PSP1 is highly con-PSP1: A Novel Protein from the Human Nucleolar Proteome that Localizes to a Punctate Pattern served in mammals, with a mouse ortholog showing greater than 95% identity at the amino acid level (Genin the Nucleus PSP1 was initially chosen for detailed analysis because pept accession number BAB27509). However, in lower organisms it is difficult to define clear orthologs, bewe observed that it belonged to a subset of human cause similar proteins appear to be equally divergent or human fibroblasts extended in proliferative life span by retroviral expression of telomerase reverse tranwith both PSP1 and p54/nrb in D. melanogaster and C. elegans.
scriptase (1787htert, Figure 2E ). To analyze the cellular localization of PSP1, a rabbit polyclonal antibody was generated against a unique Tagged PSP1 Shows the Same Punctate Localization as Endogenous PSP1 peptide sequence located near the amino terminus (shown bold in Figure 1A ). The resulting antiserum was To confirm that the punctate nuclear staining pattern observed with anti-PSP1 antiserum in primary and transaffinity purified using the cognate peptide and both the preimmune and affinity-purified sera used to detect formed human cells genuinely reflected the localization of PSP1, we transiently expressed exogenous PSP1 in HeLa proteins that had been separated by SDS-PAGE and transferred to a nitrocellulose membrane ( Figure  2B ) or kidney cells (hek293, Figure 2C ) and primary cells 2). In contrast, the major endogenous PSP1 band was detected in both cell lines using the anti-PSP1 antiserum corresponding to foreskin fibroblasts (DFSF1, Figure 2D) 
PSP1 Localizes in a Novel Nuclear Compartment
We next sought to identify which of the known subnuclear compartments PSP1 was accumulated in. Therefore, double-labeling experiments were carried out using the HeLa YFP-PSP1-␤ cell line to detect PSP1 and immunolabeling with characterized antisera to detect marker proteins for separate nuclear bodies ( Figures  5A-5D ). Antibodies specific for snRNPs (anti-2,2,7-trimethylguanosine-cap structure) and for the non-snRNP splicing factor SC35 were both used to detect splicing speckles ( Figures 5A and 5B) . We observed no overlap in the localization of PSP1 and splicing speckles using either of these antibodies (Figures 5Aiii and 5Biii frequent localization adjacent to SC35 speckles, we fusion protein that has a similar localization pattern and physical properties to the endogenous PSP1.
have termed this novel compartment "paraspeckles." 
PSP1 Relocalizes to the Nucleolus When
ance of PSP1 signal at the nucleolus ( Figure 7B ). We never observed the direct movement of whole paraspeckles to Transcription Is Blocked We next examined how the localization of PSP1 was the nucleolus, suggesting that the PSP1 protein can flux out of the paraspeckles and accumulate at a separate affected by ongoing gene expression, which is known to alter the structure of other subnuclear bodies. After nuclear location when transcription is inhibited. The data above are consistent with the proteomic treatment of the HeLa YFP-PSP1-␤ cell line with Actinomycin D, which halts elongation by RNA polymerases, we obanalysis of nucleoli, which showed that a subset of 11 proteins, including PSP1, was enriched in nucleoli folserved a dramatic reorganization of PSP1 from a pattern of paraspeckles to discrete caps formed at the nucleolar lowing treatment of cells with Actinomycin D [32] . We asked if any of these 11 proteins shared a paraspeckle periphery ( Figure 7A, cf. panels 7Ai and 7Aii) . This response contrasts with the behavior of splicing speckle localization with PSP1. However, for most of these enriched proteins, previous studies have reported that they proteins, which concentrate in enlarged speckles in the nucleoplasm after Actinomycin D treatment, as shown localize to known nuclear structures [37-40]. For example, our analysis of YFP-tagged p68 and p72 showed here for SC35 (Figure 7Aiii and 7Aiv ; arrows indicate PSP1, and arrowheads indicate SC35). A similar effect was obthat they did not localize to paraspeckles (data not shown) but rather displayed a diffuse punctate nucleoserved upon treating cells with a separate inhibitor of RNA synthesis, DRB, indicating that it most likely results from plasmic pattern as previously described [38] . However, transient expression of YFP-tagged p54/nrb, the most an inhibition of transcription (data not shown). Analysis of PSP1 localization in a live HeLa YFP-PSP1-␤ cell at multiple closely related PSP1 homolog, showed that it was also a paraspeckle protein as judged by double labeling with time points after addition of Actinomycin D to the culture medium showed a progressive loss of PSP1 signal from the anti-PSP1 antiserum (data not shown). Interestingly, another novel protein identified in the proteomic study nucleoplasmic paraspeckles and a concomitant appear- Figure  7D ). This showed that all three proteins localize to differpression of YFP-tagged PSP2 and double labeling with anti-PSP1 antiserum revealed that it accumulates in paraent and distinct cap structures at the nucleolar periphery (Figure 7Div ). speckles and shows diffuse nuclear staining and, like PSP1, also relocalizes to perinucleolar caps following The twin observations that PSP1 can be detected, albeit in low amounts, in purified nucleoli and that it Actinomycin D treatment ( Figure 7C) . Furthermore, all three paraspeckle proteins, i.e., PSP1, PSP2, and p54/ becomes enriched in nucleoli after Actinomycin D treatment ( [32] and this study, Figure 7A ), suggest the possinrb, colocalize in the same perinucleolar caps after Actinomycin D treatment (data not shown).
bility that it cycles continually between paraspeckles and the nucleolus. To add support to this hypothesis, Other nuclear proteins, including fibrillarin and p80 coi- ization patterns revealed by fluorescence microscopy. Considering that PSP1 was first identified using MS Although the nucleolus is known to be the site of rRNA as a nucleolar factor [32] , it was initially surprising that synthesis and ribosomal subunit assembly, it has been localization studies did not detect it accumulated in suggested that nucleoli can also perform other functions nucleoli. However, as reported above, it is likely that [30, 31, 44]. In this regard it is interesting that we have PSP1 cycles between paraspeckles and nucleoli, thus explaining its detection in nucleolar preparations by MS. detected three proteins with no known connection to of proteins transferred to nitrocellulose membrane in pilot experi-(PSP1-␤ residues 1-393) and (PSP1-␣ residues 1-523). To clone ments. Samples were then subjected to immunoblotting as dethese, PSP1-␤ was amplified by PCR using the EST IMAGE 3634993 scribed above, with anti-PSP1 antiserum and anti rabbit HRP con-(UK HGMP Resource Centre), and PSP1-␣ was amplified using the jugate. overlapping templates EST IMAGE 2440134 and IMAGE 3634993. In both cases, the fragments were purified, digested with EcoRI and BamHI, and ligated into pEYFP-C1 (Clontech).
Immunofluorescence Microscopy Cells were washed in PBS and fixed (as above) at room temperature. To make a myc-tagged fusion of PSP1, PSP1-␤ was amplified using IMAGE 3634993 as a template; the product was digested with Permeabilization was performed with 1% Triton X-100 in PBS for 15 min at room temperature. Immunofluorescence staining was carBamHI and HindIII and subcloned into pSG9M 
Accession Numbers
The GenBank accession numbers for PSP1-␣ and PSP1-␤ have been deposited as AF448795 and AF449627, respectively.
